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H I G H L I G H T S
• Nest and flower-like LaCO3OH-Ni
(OH)2@graphene hierarchical compo-
site was prepared.
• Controllable lattice-confined etching
of LaNiO3 nanoparticles is vital.
• Ni2+ ions in situ grow on graphene to
form homogeneous Ni(OH)2@RGO.
• GO was served as both structure di-
recting agent and CO32− source.
• The composite was used as high-per-
formance photocatalyst and super-
capacitor.
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Herein, we designed a one-step lattice-confined etching perovskite nanoparticles and self-sacrificing graphene
oxide (GO) induced self-assembly strategy to synthesize novel 3D nest-like LaCO3OH and flower-like Ni(OH)2@
graphene (RGO) hierarchical composite as a high performance photocatalyst and electrode material. The lattice-
confined effect regulates the concentration and distribution of nickel ions migrating from perovskite to GO and
thus constructs a homogeneous Ni(OH)2@RGO nanostructure. La(OH)3 formed by residual lattice frames react
with CO32− from self-sacrificing of GO self-assembly to form nest-like LaCO3OH, which is embedded in the Ni
(OH)2@RGO nanosheets. GO was utilized as both morphology control reagent and self-sacrificed carbon source.
Benefit from the extremely rapid transfer of electron on the homogeneous Ni(OH)2@RGO nanosheets and high
light-harvesting capacity of 3D nest and flower-like composite of LaCO3OH-Ni(OH)2@RGO, the properties of
photocatalysis and supercapacitor are greatly enhanced. The H2 production rate of 1.3807mmol h−1 g−1 has
been achieved which is 13 times higher than pure LaCO3OH. Electrochemical studies showed that a specific
capacitance of 572.47 F g−1 was obtained at a scan rate of 10mv/s with 80% capacitance retention even after
20,000 cycles. This composite synthesized from GO mediated etching solid phase perovskite surface ion mi-
gration under lattice-confined action provides a novel technical route for the direct self-assembly of solid na-
noparticles and GO to synthesize new functional materials.
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1. Introduction
Efficient conversion of light energy and energy storage materials are
key issues for renewable energy technology. Two-dimensional (2D)
nanostructures exhibited exceptional optical and electrochemical per-
formance have generated extensive attention in various promising ap-
plications [1–4]. Furthermore, using the texture properties of 2D ma-
terials to construct 3D composites with excellent properties, which
becomes a candidate for boosting energy conversion in charge transfer
and storage [5–7]. Increasing charge transfer performance of 3D hier-
archical composite is particularly promising for photocatalyst and su-
percapacitor depending on the structure design [8]. Conventional
hierarchical composites are synthesized by introducing soft or hard
templates [9–11]. However, its complexity process limited novel
structural design. Recently, some studies have shown that space con-
finement induced construction of specific hierarchical composites
[12–15]. Lattice confinement contributes to hierarchical composites,
which due to order ion induced self-assembly processes [16,17].
As a functional composite material, perovskite has attracted much
attention for its excellent catalytic performance [18–20]. Especially the
mobility of lattice oxygen on the surface and variable valence of tran-
sition metal cations contribute to its catalytic and photochemical
properties [21,22]. Relevant studies have shown that perovskite has
been constructed into novel composite catalysts and electrode materials
through its lattice confinement effect [23,24]. Recently, graphene oxide
(GO) has become one of the novel candidates for the synthesis and
chemical modification of functional materials due to its excellent
electronic transport properties and abundant surface organic functional
groups [25,26]. Meanwhile, GO nanosheets can also confine nano-
particles to form 3D composite components and construct nanoreactors
with excellent electronic transport and catalytic properties [27–30].
This attributes to the synergistic effect between the delocalized struc-
ture of the conjugated π electrons and adjacent organic functional
groups in the graphene nanosheet layer [31]. In fact, with a large
Scheme 1. Schematic illustration of the fabrication route and growth process of LaCO3OH-Ni(OH)2@RGO hierarchical composite.
Fig. 1. (a) XRD patterns of GO, LNO, LCO, LNO-230 and LNO-GO-230, (b) SEM images of LNO-GO-230, (c) nest-like LaCO3OH particles and (d) flower-like Ni(OH)2@
RGO nanosheets in LNO-GO-230 sample.
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number of hydrophilic oxygen containing groups on a hydrophobic
basal plane, GO behaves as an amphiphilic macromolecule which can
be utilized as a special kind of surfactant and coordinate with metal
ions [32]. In particular, its large surface and tunable surface properties
allow it to be a competitive host substrate for the heterogeneous growth
of desired guest materials. The competitive growth of nucleated clusters
on the GO surface may tailor the size and microstructure of the parti-
cles, which can control the composition, structure and morphology of
materials [33,34].
Most studies focus on the interaction of GO with soluble inorganic/
organic ions and molecules as precursor to construct unique composite
structures for functional catalytic materials [35,36]. However, re-
searches of solid phase reactions utilization of confinement effect of
perovskite lattice and GO combine with morphology controlling func-
tion of GO are relatively few. In our previous work, graphene en-
capsulated LaNiO3 hierarchical composite as nanoreactor was con-
structed by GO mediated self-assembly solid phase reaction [37]. On
the basis of this work, using organic groups of conjugated edge on GO
nanosheet to reconstitute perovskite LaNiO3 nanoparticle with lattice
oxygen mobility and ionic variability under hydrothermal condition
into novel nano-structures should deem to be a new strategy for 3D
hierarchical composite materials.
LaCO3OH (LCO) is a kind of rare-earth hydroxyl carbonate with
luminescence properties [38]. Anecdotally, LCO also possesses ex-
cellent potential for photocatalytic H2 evolution benefits from its rela-
tively negative conduction band and positive valence band edges which
reduce the recombination rate of photogenerated electrons and holes
[39]. In the past few years, Ni(OH)2 and Ni(OH)2/graphene hybrids
have turned out to serve as alternative candidates for noble metal co-
catalysts (Pt, Au, Ag) to greatly enhance the H2 evolution rate over
different semiconductor photocatalysts [40]. Thus, it is naturally ex-
pected that the combination of noble metal-free LCO with low-cost Ni
(OH)2/graphene hybrids as a robust co-catalyst can greatly boost the
photocatalytic H2 evolution activity. Meanwhile, Ni(OH)2 and Ni
(OH)2/graphene hybrids also attracted much attention as a promising
electrode material due to their eco-friendly, low cost, high theoretical
capacitance and redox activity [41]. In the present work, we report a
novel effort to synthesize the nest and flower-like LaCO3OH-Ni(OH)2@
RGO hierarchical composite via lattice-confined etching of LaNiO3 na-
noparticles with the GO mediation serving as both structure directing
agent and CO32− source in the hydrothermal system. This work is one
of the rare studies to make use of the fluidity of lattice oxygen on
perovskite surface and the variable valence of transition metal ions for
the self-assembly synthesis of 3D hierarchical nanostructure, which
includes an optical response center semiconductor (LaCO3OH) and a
charge transfer center (homogeneous Ni(OH)2@RGO). The possible
mechanism for the special morphology was investigated in detail and
the composite was effectively applied to the photocatalytic H2 evolu-
tion and supercapacitor. Significantly, the simple and green preparation
method proposed in this study provides a new approach to synthesize
3D metal carbonate/graphene hierarchical composite with special
morphology.
Fig. 2. TEM and HRTEM images and corresponding SAED patterns (see insets) of LNO-230 (a-c) and LNO-GO-230 (d-f).
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2. Experimental section
2.1. Photocatalysts preparation
Graphene oxide (GO) materials were synthesized by a modified
Hummer’s method [42]. LNO nanoparticles were synthesized by a sol-
gel method. Stoichiometric quantity of the precursors of La
(NO3)3·6H2O, Ni(NO3)2·6H2O and citric acid with a molar ratio equal to
1:1:0.8 were dissolved in 100mL de-ion water. Then the mixed solution
was stirred and kept at 80 °C to evaporate water forming a viscous gel.
The gel was heated at 400 °C for 2 h to obtain an amorphous citrate
precursor, then after milled and calcinated in oxygen atmosphere at
800 °C for 4 h, LNO powders were obtained.
LaCO3OH-Ni(OH)2@RGO sample was synthesized by hydrothermal
etching route. 20mg of GO was disperse in 60mL deionized water and
subjected to ultrasonic vibration for 30min. Then, 0.1 g LNO was added
to the suspension and maintained ultrasonication for another 1 h. The
above mixed solution was transferred to a 100-mL autoclave, and
treated at 230 °C for 12 h. The resulting suspension was filtered and
washed with deionized water, then dried at 70 °C overnight in vacuum.
The as prepared sample was denoted as LNO-GO-230, the number re-
presented the reaction temperature. Optimization of GO amount was
carried out, the samples were denoted as LNO-xGO-230 where x re-
presents the actual mass of GO. For comparison, LNO directly reaction
by hydrothermal without GO and LaCO3OH synthesized according to
the literature were also prepared and denoted as LNO-230 and LCO,
respectively [43]. LNG sample was prepared by nitrate of La and Ni
instead of LNO to react with GO in the hydrothermal process.
2.2. Characterization
The structures and morphologies of as prepared samples were
characterized by scanning electron microscope (SEM, ZEISS Sigma),
high resolution transmission electron microscope (TEM, FEI Tecnai 30)
and X-ray diffraction (XRD, X’Pert Pro). Fourier transform infrared
spectroscopy (FTIR) measurement and analysis was perfomed on a
Fig. 3. (a) HAADF-STEM image of LNO-GO-230, (b-f) the corresponding EDX mapping images of elemental La, Ni, O, and C, (g) EDX spectrum and analysis result of
LNO-GO-230.
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Nicolet Avatar 330 spectrometer. Horiba Xplora spectrometer with the
excitation wavelength of 532 nm was used for Raman spectroscopic
measurements at room temperature. Qtac-100 LEISS-XPS instrument
was applied for X-ray photoelectron spectroscopy (XPS) analysis. The
UV–vis diffuse reflection spectrum (DRS) was recorded using Carry
5000 Varian Spectrophotometer, using BaSO4 as reference. Hitachi F-
7000 spectrophotometer was applied to record the solid-state photo-
luminescence (PL) spectrum. The Brunauer-Emmett-Teller (BET) spe-
cific surface area, pore volume and pore size distribution were mea-
sured by ASAP 3020 Micromeritics instrument. The electrochemical
Fig. 4. (a, b) TEM and (c) HRTEM image of LNO-GO-230, d-i) HAADF-STEM and corresponding EDX mapping images of elemental Ni, O, C, and La. j) TEM image and
k) STEM EDX line-scanning profile of Ni(OH)2@RGO part in LNO-GO-230.
Fig. 5. FTIR spectra (a) of GO, LCO, LNO-230 and LNO-GO-230 and Raman spectra (b) of GO and LNO-GO-230.
T. Lv, et al. Chemical Engineering Journal 382 (2020) 123021
5
impedance spectroscopy (EIS) measurement and transient photocurren
were conducted on a CHI 660D electrochemical workstation with a Pt
wire as counter electrode and an Ag/AgCl electrode as reference elec-
trode. The measured Mott–Schottky plots of as prepared photocatalysts
were performed in the frequency from 0.01 Hz to 100 kHz. 0.5 M
Na2SO4 aqueous solution was served as basic electrolyte and a 300W
Xe lamp was applied as light source in photocurrent test. 20mg of as
prepared photocatalyst was dispersed in1 mL ethanol containing 5 vol%
Nafion under sonication, and then the obtained slurry was dropped to
ITO glass as working electrode and dried at 80 °C for about 2 h.
2.3. Photocatalytic measurements
Photocatalytic hydrogen production experiments were conducted in
Fig. 6. (a) C 1s XPS spectr of GO, LCO and LNO-GO-230, b) La 3d and Ni 2p XPS spectr of LCO, LNO-230 and LNO-GO-230.
Fig. 7. (a) UV–vis, (b) photoluminescence spectra, (c) EIS spectra and (d) transient photocurrent responses of LCO, LNO-230 and LNO-GO-230 samples.
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a homemade Pyrex glass reactor. 10mg of as-prepared photocatalyst
was added into the reactor containing 60mL deionized water and
20mL triethanolamine (TEA) at room temperature. After that, it was
bubbled with N2 gas for 30min to ensure inert atmosphere. A 175W
high-pressure mercury lamp was used as the light source providing a
wavelength spectrum in range of 250–650 nm. The H2 evolution was
monitored every 20min by means of a gas chromatograph (GC-9560,
Shanghai Haixin GC) equipped with a molecular sieve column and TCD
detector. The long-term photocatalytic stability was tested for LNO-GO-
230 within 50 h.
2.4. Electrochemical measurements
The electrochemical properties of the LCO, LNO-230 and LNO-GO-
230 composite were investigated in 6M KOH solution using a three-
electrode system with an electrochemical workstation (CHI Instrument
660D, Shanghai). The working electrode was prepared by mixing the
asprepared materials, acetylene black, and polytetrafluoroethylene
(PTFE) in a mass ratio of 8:1:1, the mixture was rolled into films of
uniform thickness (~0.1mm) and followed by drying at 60 °C for 12 h.
The mass loading of active materials in the electrode for electro-
chemical measurements is 1.6mg/cm2. Finally, the films were pressed
into nickel foam current collectors with a tablet press. Hg/HgO and
graphite rod were used as the reference and counter electrode, re-
spectively.
The specific capacitances ( Cs) were calculated according to the
following equations [44].
∮
=C
IdU
vm U2 Δs
where Cs is the specific capacitance, ∮ dU
I is the voltammetric charge
which means the area under the curve of the cyclic voltammetry. △U
is the potential window, m is the active material mass of the electrode
and v is the potential scan rate.
3. Results and discussion
The synthesis process of the 3D LaCO3OH-Ni(OH)2@RGO hier-
archical composite is illustrated in Scheme 1. Under the lattice-confined
action of perovskite LaNiO3, the migration rates of negative oxygen ions
and transition metal ions could be limited and regulated, which af-
fecting the morphology of self-assembled lattice frames left over from
disintegration of the original LNO. Since the negative electrostatic field
of GO nanosheets formed by delocalization of π-electrons and ioniza-
tion of carboxyl groups (–COO−), transition metal cationic Ni (III) will
be adsorbed on GO nanosheets and reduced to more stable Ni2+ ions
during the hydrothermal reaction. The hydroxyl groups (–OH) derived
from GO and the negative oxygen ions removed from perovskite com-
bined with water would react with these Ni2+ ions. Subsequently, Ni
(OH)2 was grown in situ on graphene sheets to form homogeneous Ni
Table 1
The comparison of charge-transfer (Rct) and solution resisitances (Rs) of LCO,
LNO-230 and LNO-RGO-230 samples.
Name of the electrode Charge-transfer resistance
(Rct) (Ω)
Solution resistance (Rs)
(Ω)
LCO 1.776 0.729
LNO-230 1.283 0.602
LNO-RGO-230 1.178 0.536
Fig. 8. (a) Photocatalytic H2 evolution comparison of LCO, LNO-230, LNO-GO-230 with different GO contents and (b) different reaction temperatures. (c) Long-term
stability test of LNO-GO-230 composite for 50 h.
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(OH)2@RGO nanostructure. On the other hand, the residual lan-
thanum-oxygen lattice frames left over from disintegration formed
hexagonal La(OH)3 nanosheet. Simultaneously, CO32− formed by oxi-
dation of oxygen-containing functional groups on GO sheets would
react with these La(OH)3 nanosheets to generate hexagonal LaCO3OH.
Under the mediation of GO, both of laminar Ni(OH)2@RGO and hex-
agonal LaCO3OH nanosheets self-assembly formed unique structures.
Finally, the nest-like LaCO3OH combinant were encased in the flower-
like Ni(OH)2@RGO nanosheets resulting in a 3D LaCO3OH-Ni(OH)2@
RGO hierarchical composite.
The powder X-ray diffraction (XRD) patterns of GO, LNO and 3D
hierarchical LaCO3OH-Ni(OH)2@RGO nanosturcture named as LNO-
GO-230 are shown in Fig. 1a. For comparison, Fig. 1a shows XRD
patterns of LNO decomposed without GO and directly synthesized
Fig. 9. Schematics of light-harvesting effect of the LaCO3OH-Ni(OH)2@RGO hierarchical composite and mechanism of photocatalytic water splitting.
Fig. 10. Electrochemical performance of
three electrode system. (a) Comparative CV
of LCO, LNO, LNG, LNO-230 and LNO-GO-
230 electrodes at 30mv s−1. (b) CV curves
for LNO-GO-230 electrode at different scan
rate. (c) Comparative GCD curves for LCO,
LNO, LNG, LNO-230 and LNO-GO-230
electrodes at 1 A g−1. (d) Specific capaci-
tance of LCO, LNO, LNG, LNO-230 and LNO-
GO-230 electrodes calculated from CV
curves at different scan rate.
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LaCO3OH are named as LNO-230 and LCO. One major peak at 10.9°
corresponds to GO [45]. The characteristic peaks of LNO agree well
with the perovskite phase defined by JCPDS card No. 34-1181 [41]. The
peaks of LCO belong to two different kinds of LaCO3OH crystalline
phases (JCPDS No.26-0815 and No.49-03981) [43]. For LNO-230 and
LNO-GO-230 sample, no characteristic peaks of LNO were found which
means LNO particles have complete decomposed after hydrothermal
treatment. The LNO-230 sample exhibits many diffraction peaks at-
tributed to La(OH)3 (JCPDS No.13–0084) and Ni(OH)2 (JCPDS No.14-
0017) [46]. The XRD pattern of LNO-GO-230 confirms the presence of
hexagonal LaCO3OH (JCPDS No.26-0815) and Ni(OH)2 (JCPDS No. 14-
0017) [47], moreover the characteristic peak of GO disappears while a
weak broad peak is found at about 23° demonstrating that GO is re-
duced to RGO and the LaCO3OH-Ni(OH)2@RGO composite is success-
fully constructed by self-sacrificing parts of GO as the CO32− provider.
According to the scanning electron microscope (SEM) images
(Fig. 1b-d and Fig. S1), GO thin-layer exhibits transparent wrinkles with
clear edges. LNO sample shows a regular shape and uniform distribu-
tion of nanoparticles. LCO presents microsphere structure with rough
surface, which consists with previous research [43]. For LNO-230
sample, some hexagonal La(OH)3 and irregular Ni(OH)2 nanosheets
were formed in the hydrothermal process. La(OH)3 has a regular shape
yet Ni(OH)2 doesn't, probably due to the unlimited growth of nickel
ions in the external environment after its migration out of crystal
structure while the residual lanthanum-oxygen lattice frames formed
hexagonal La(OH)3 under lattice-confined action. As shown in Fig. 1b,
the introduction of GO greatly affects the morphology of composite.
Hexagonal LaCO3OH self-assembly splice to form a nest-like (Fig. 1c)
combinant and Ni(OH)2 situ growth on the GO thin layer to form
homogeneous flower-like Ni(OH)2@RGO nanostructure. Therefore, GO
not only conducts as CO32− provider but also as a structure-directing
agent in this reaction.
In order to further explore the formation process of the composite
with special morphology, we investigated the XRD and SEM of LNO,
LNG and LNO-GO-230 with different hydrothermal time (10min-5 h)
for comparison (Fig. S2-4). As shown in Fig. S2, when the hydrothermal
time is within 10min, the products are consist of La(OH)3, Ni(OH)2,
LaCO3OH and undecomposed LNO. With the increase of hydrothermal
time, the peaks intensity of LNO decline gradually and the peaks in-
tensity of La(OH)3 increase firstly and then weaken. When the hydro-
thermal time reached 3 h, the characteristic peaks of LNO are com-
pletely disappeared, and the peaks of La(OH)3 are also disappeared at
the hydrothermal time of 5 h, while the intensity of LaCO3OH is
growing all the time. At last, the final product is LaCO3OH and Ni(OH)2.
This indicate that the LaCO3OH phase is derived from the LNO de-
composition produced La(OH)3, which restricts by the lattice-confined
action to form a special morphology. Magnified diffraction peaks of
LaNiO3 (1 1 0) in LNO and LNO-GO-230 with a hydrothermal time of
10min, 30 min and 1 h respectively, prove this point too. It can be seen
form Fig. S3 that the characteristic diffraction peak of LNO shifts to
high angle during the reaction. This may be due to the instability of
LNO, the surface lattice oxygen is easy to lose which makes the crystal
distortion of LNO, and restricts the decomposition direction of LNO to a
certain extent, and plays the role of lattice-confined action. The XRD
pattern of LNG sample is entirely different with LNO-GO-230, all dif-
fraction peaks belongs to La(OH)3 and Ni still exists in ionic form. This
may be due to the weak contact between metal ions and GO, and the
effect of competitive reaction. Therefore, the lattice-confined action is
the necessary condition for the fabrication of hierarchical LaCO3OH-Ni
(OH)2@RGO composite. The SEM images of these materials also con-
firm the conclusion. As shown in Fig. S4, it can be seen that when the
hydrothermal time is 10min, the main morphology of the sample is
LNO particles attached to the surface of GO. Granular LNO and lamellar
stacked La(OH)3 or LaCO3OH are observed at the hydrothermal time of
30min, but the morphology is disordered at this time. The illustrations
showed that there was an embryonic form of Ni(OH)2 nanosheets in situ
grown on GO substrate, but it had not been formed a flower-like
homogeneous substance yet. At 1 h, it is observed that there were still
granular LNO, and the phase of La(OH)3 and LaCO3OH demonstrate a
hexagonal structure under the lattice-confined action. In the illustra-
tions, the homogeneous Ni(OH)2@RGO nanostucture was still in the
process of formation. At the hydrothermal time of 3 h, LNO could not be
observed, La(OH)3 or LaCO3OH present complete hexagonal structure,
and large-area homogeneous flower-like Ni(OH)2@RGO nanostucture
was observed. After 5 h, La(OH)3 completely converted to LaCO3OH
and a uniform hierarchical LaCO3OH-Ni(OH)2@RGO composite finally
came into being.
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) are shown in Fig. S5 and Fig. 2a-f. The results are consistent
with SEM and all samples have obvious lattice fringes. The lattice
spaces of LCO microsphere is 0.29 nm which represents the (1 2 1)
plane of orthorhombic LaCO3OH (Fig. S5). TEM image of LNO-230
sample reveals it has hexagonal La(OH)3 and irregular Ni(OH)2 na-
nosheets. However, after introduction of GO, the morphology of LNO-
GO-230 has changed greatly. Both of LaCO3OH and Ni(OH)2 are no
longer simple planar structures, but a combination of 3D nest-like and
Fig. 11. Capacitance retention ratio of LNO-GO-230 for three electrode system
measured at 10 A g−1.
Table 2
Comparison of the photocatalytic and superelectric performances of LaCO3OH-Ni(OH)2@RGO with similar composites in the literatures.
Materials H2 evolution rate (mmol h−1 g−1) Capacitance (F g−1) Cyclic performance (retention) Reference
LaCO3OH 0.1367 – – [39]
FGCs-Ni(OH)2 0.108 – – [40]
Co(OH)2@RGONF – 235.2 – [55]
Ni(OH)2/NG – 798 85.9% (5000) [41]
Ag@Ni(OH)2/graphene – 496 93% (500) [56]
RGO/α-Ni(OH)2 – 350.7 72% (6000) [57]
Ni(OH)2/CNT/rGO – 633 80% (3000) [58]
LaCO3OH-Ni(OH)2@RGO 1.3807 572.47 80% (20000) This work
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flower-like structures. Lattice spaces of 0.36 and 0.17 nm, assigned to
(3 0 0) and (1 0 2) crystal plane of hexagonal LaCO3OH and Ni(OH)2,
respectively. The corresponding selected area electron diffraction
(SAED) patterns present the same features as described in the insets of
Fig. 2 and further confirm the presence of the single crystalline La-
CO3OH and Ni(OH)2 nanosheets. Since the LNO-GO-230 sample is
made up of two parts, nest-like LaCO3OH and flower-like Ni(OH)2@
RGO. We specially selected specific areas of different components for
follow-up analysis. High-angleannular dark feld-scanning transmission
electron microscopy (HAADF-STEM) (Fig. 3a) image show the pre-
dominantly nest-like LaCO3OH of the LNO-GO-230 with a small amount
of petal-like Ni(OH)2. The energy dispersive X-ray (EDX) mapping
images for La, Ni, O and C elements of LNO-GO-230 catalyst are shown
in Fig. 3b-f. The La, O and C elements are distributed uniformly in the
sample, and as expected the distribution of Ni is not as even which
proves that the nest-like combinant is LaCO3OH. Most of Ni elements
locate on the edge of the combinant like a petal. The corresponding EDX
spectra further demonstrate the existence of various elements in the
LNO-GO-230 (Fig. 3g). The quantitative results of the EDX analysis and
the line-scanning profile (Fig. S6) also indicate that the combinant is
mainly comprised of La, O and C elements belonging to LaCO3OH.
After clarifying the morphology and structure characteristic of
LaCO3OH in LNO-GO-230, we further investigated relevant properties
of Ni(OH)2 phase. Fig. 4a-c show the TEM and HRTEM images of pre-
dominantly Ni(OH)2 in LNO-GO-230. Petals of Ni(OH)2 self-assembly
formed flower-like nanostructure. From Fig. 4c, curved lattice fringes of
graphene (d-spacing= 0.34 nm) are found except for that of Ni(OH)2,
which means this flower-like nanostructure might be a combination of
graphene and Ni(OH)2. The result of EDX mapping also proves this
view. Fig. 4d-i display the elemental mappings of Ni, O, C and La in
flower-like nanostructure. It can be found clearly that Ni, O and C
elements are uniformly distributed on the nanoflower except for La and
the quantitative results of the EDX analysis (Fig. S7) also indicate the
homogeneous composition of the Ni(OH)2 nanosheets on the RGO.
Fig. 4j and k are more compelling evidences, we can clearly observe
that Ni(OH)2 in situ grown on graphene nanosheet. The line-scanning
profile shows that the elemental signals of C and Ni possess the similar
growth pattern while La doesn't, indicating the formation of homo-
geneous Ni(OH)2@RGO nanostructure.
FTIR spectra of GO, LCO, LNO-230 and LNO-GO-230 were recorded
to ascertain the functional groups associated with these materials
(Fig. 5a). Four characteristic modes of the CO32− of LaCO3OH appear at
1074 cm−1 (v1), 775–868 cm−1 (v2), 1415–1491 cm−1 (v3), and
690–730 cm−1 (v4) in LCO and LNO-GO-230 samples [48].The ab-
sorption bands at 1396 cm−1 and 1430 cm−1 are related to stretching
frequency carbonate ion absorbed from air in LNO-230 [49]. For LNO-
230 and LNO-GO-230 samples, the bands around 532 and 463 cm−1
represent bending and stretching vibrations of Ni-O and Ni-O–H bonds
respectively in Ni(OH)2 [50]. The sharp band appearing at about
3615 cm−1 that is attributed to the bulk hydroxyl groups originating
from La(OH)3, Ni(OH)2 and LaCO3OH. The broad band at about
3480 cm−1 is due to physically adsorbed H2O. The vibrational peak
from C]O (1726 cm−1) in GO is completely absent in LNO-GO-230
[51]. This strongly suggests the significant reduction of GO. Raman
spectra of GO and LNO-GO-230 also reveal this point (Fig. 5b). The ID/
IG value for LNO-GO-230 is 1.27, much higher than that of GO (1.15),
which confirms the successful reduction of GO. The above results prove
that the formation of LaCO3OH-Ni(OH)2@RGO composite in LNO-GO-
230 sample.
The composition and surface electronic states were further analyzed
by X-ray photoelectron spectroscopy (XPS). The C 1s spectrum of LCO
in Fig. 6a exhibits two peaks at 284.8 eV and 289.2 eV, corresponding
to the carbon contamination and carbonate (CO32−) [52]. Four peaks
can be fitted for GO in C 1s spectra at binding energy (BE) of 284.6,
285.8, 287.0 and 288.8 eV that assigned to sp2 graphite component
C–C, C–OH, C]O and O]C–O groups, respectively [53]. Comparing
with LNO-GO-23O sample, the total concentration ratio of all identified
carbon-oxygen surface species are reduced obviously indicating that GO
has been reduced to RGO during the preparation process, which agree
well with the results obtained from XRD, FT-IR and Raman spectro-
scopy analysis. However, some C/O functional groups still exist on the
graphene surface in the LNO-GO-230 sample, which is benefcial for
strong immobilization between the Ni(OH)2 nanosheets and the gra-
phene. Fig. 6b is the XPS spectrum of La 3d and Ni 2p of LCO, LNO-230
and LNO-GO-230 that are usually complex since the partially overlap of
them. The BEs of La 3d3/2 and La 3d5/2 are 835.1 and 852.0 eV, and the
shake-up peaks located at 838.6 and 855.5 eV, respectively, corre-
sponding to the La(III) oxidation state. They are assigned to the lattice
lanthanum in LaCO3OH and La(OH)3. The energy difference between
the La 3d3/2 and 3d5/2 states is approximately 16.9 eV, which also agree
well with the character values La3+ [54]. Meanwhile, the C 1s and La
3d spectras positive shifts observed in LNO-GO-230 can be attributed to
the strong interaction between LaCO3OH and Ni(OH)2@RGO. For LNO-
230 and LNO-GO-230 samples, the Ni 2p3/2 peak at 856.4 eV assigned
to Ni2+ ions indicates that the existence of Ni(OH)2 [37]. The intensity
of Ni 2p3/2 in LNO-GO-230 is markedly elevated, which means that the
Ni(OH)2 content in LNO-GO-230 is much higher than that in LNO-230.
These results further confrm that the GO helps to effectively promote
the formation of homogeneous Ni(OH)2@RGO nanostructure.
Fig. 7a depicts the UV–Vis absorption spectra of LCO, LNO-230 and
LNO-GO-230 composite. The absorption edge of LNO-GO-230 shifts to a
certain extent. This indicates the formation of the LaCO3OH-Ni(OH)2@
RGO composite. Moreover, the UV absorption capacity of LNO-GO-230
is greatly enhanced, which may benefits from the introduction of
flower-like Ni(OH)2@RGO homogeneous structure and the special nest-
like construction of LaCO3OH are favorable for light harvesting by si-
multaneously increasing the reflections and scattering on the surface of
hierarchical composite. Photoluminescence (PL) spectroscopy was
conducted here to further analyze the photogenerated carriers’ se-
paration efficiency. Satisfactorily, as shown in Fig. 7b, the PL spectra of
LNO-GO-230 composite is obviously lower than that of bare LCO and
LNO-230 samples, which is ascribed to the restricted charge carrier
recombination, arising from the efficient separation of photogenerated
electron-hole pairs over the homogeneous Ni(OH)2@RGO nanos-
tructure. In addition, electrochemical impedance spectroscopy (EIS)
and transient photocurrent measurements were also carried out to in-
vestigate the charge transfer and recombination process. The arc radius
in the high-frequency region could be ascribed to the charge-transfer
resistance (Rct), suggesting the transfer capability of charge. The
smaller arc radius indicates that it has better charge transfer properties
due to the resistance between the electrode and the electrolyte being
lower. Fig. 7c and d depict the Nyquist plots and transient photocurrent
responses of pure LCO, LNO-230 and LNO-GO-230. The as-prepared
LNO-GO-230 constructed of LaCO3OH-Ni(OH)2@RGO hierarchical
composite showed higher photocurrent responses and smaller im-
pedance arc radii than the other samples, suggesting the more efficient
separation and transfer of photogenerated charge carriers. The specific
solution resistance (Rs) and Rct are listed in Table 1. These results ac-
cord with their photocatalytic performance as we discussed next. The
photocatalytic behaviors of LCO, LNO-230 and LNO-GO-230 catalysts
were carried out by measuring the amount of H2 evolution. Comparing
with LCO and LNO-230, the LNO-GO-230 composites exhibited much
more excellent photocatalytic activities. Pure LCO showed a rather low
H2-production activity, which corresponded to an average H2 evolution
rate of 0.1058mmol h−1 g−1. The activity of LNO-230 catalyst in-
creased to a certain degree, the H2 evolution rate reached
0.3358mmol h−1 g−1. By introducing RGO to form a special mor-
phology and complex structure, the activity of LNO-GO-230 was en-
hanced evidently. After optimizing the amount of GO content and re-
action temperature, the maximum H2 evolution rate of LNO-GO-230
was obtain to 1.3807mmol h−1 g−1, which is 13 times higher than that
of LCO (Fig. 8a and b).
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The long-term stability of LNO-GO-230 composite was investigated
(Fig. 8c), the photocatalytic reaction was proceeded for 50 h with in-
termittent evacuation every 2 h. The H2 evolution activity of LNO-RGO-
230 remained fairly stable revealing the high photocatalytic stability of
the flower-like LaCO3OH-Ni(OH)2@RGO composite. XRD, SEM and
TEM results of LNO-RGO-230 also reflect the stability of this composite.
No significant differences are founded between the XRD patterns of
LNO-GO-230 before and after the photocatalytic reaction (Fig. S8). SEM
and TEM images show that the used composite still maintained a
complex structure of nest-like LaCO3OH particles encased in flower-like
Ni(OH)2@RGO nanosheets (Figs. S9 and 10).
A schematic of the light-harvesting effect and catalytic mechanism
is shown in Fig. 9. The unique 3D nest-like LaCO3OH and flower-like Ni
(OH)2@RGO hierarchical composite can provide an enhanced surface
to volume ratio and numerous reflecting and scattering sites which
greatly enhances the light-harvesting capacity. As shown in Fig. S11,
the LNO-GO-230 composite shows an enhanced surface area (15.07 m2
g−1) compared with LCO (7.35m2 g−1) and LNO-230 (9.40m2 g−1).
The BJH pore size distribution curves indicate that the prepared sam-
ples are mainly mesoporous structures. The electron-hole pairs are
generated on LaCO3OH and electrons are readily transferred to the
surfaces of 3D homogeneous Ni(OH)2@RGO nanostructure. Then, the
electrons reduce H2O to H2, and the photogenerated holes oxidize sa-
crificial agent into its oxidation product. The major reaction steps are
summarized as follows:
+ → ++ −vLaCO OH h LaCO OH(h ) Ni(OH) @RGO(e )3 3 2
+ → +− +Ni(OH) @RGO(e ) 2H Ni(OH) @RGO H2 2 2
+ + → + ++ −LaCO OH(h ) TEA 2OH LaCO OH CO 2H O3 3 2 2
Benefiting from the ultrafast transmission of photogenerated elec-
trons over the homogeneous Ni(OH)2@RGO, the carriers’ recombina-
tion rates are greatly reduced which extremely enhances the photo-
catalytic efficiency of the catalyst. Thus, the enhanced photocatalytic
activity of the flower-like LaCO3OH-Ni(OH)2@RGO composite can be a
result of the synergistic effect of the high light-utilization efficiency and
charge-carrier separation.
Besides, the as prepared material with special morphological fea-
tures and structural composition should also have good supercapacitor
performance. To evaluate and compare the electrochemical perform of
our samples, cyclic voltammetry and galvanostatic charge/discharge
measurement are performed using three electrode system in aqueous
6M KOH electrolyte. Fig. 10a shows their CV curves. The redox peaks
which appear for all the samples indicate the existence of redox reac-
tions during electrochemical process. The higher current obtained for
LNO-GO-230 compared to other samples shows better electron trans-
portation, which may benefits form the extremely fast electron trans-
mission on homogeneous Ni(OH)2@RGO in hierarchical structure.
Fig. 10b shows the cyclic voltammetry of the LNO-GO-230 in the vol-
tage window at 0.2–0.55 V at different scan rates. It shows nearly
symmetric at various scan rate ranging from 10mv s−1 to 200mv s−1
indicating the LNO-GO-230 has outstanding reversibility. The galva-
nostatic charge/discharge curves are shown in Fig. 10c. For the LNO-
GO-230 electrode the discharge time is remarkably greater than other
electrodes. The specific capacitance of the LNO-GO-230 is about
572.47 F g−1 for three electrode system at 10mv/s (Fig. 10d). This
novel hierarchical composite shows greatly improved specific capacity
compared to other electrodes. LCO and LNO-230 show poor electro-
chemical perform according to the experimental results. Therefore, the
main contributions for the high specific capacitance of the composite
are derived from the Ni(OH)2 and RGO. Ni(OH)2 is a recognized class of
substances with high specific capacitance and RGO is a highly con-
ductive carbon substrate which has good electrochemical activities. The
homogeneous Ni(OH)2@RGO nanostructure further improves the
electrochemical properties of the two components and the unique 3D
nest-like LaCO3OH and flower-like Ni(OH)2@RGO hierarchical struc-
ture is beneficial to the adsorption and diffusion of charged particles
which promising the electrochemical performance of the LNO-GO-230
composite. The electrochemical stability of LNO-GO-230 electrode is
evaluated by consecutive charge/discharge cycles at current density of
10 A g−1. The LNO-GO-230 shows superior electrochemical stability
and still remains 80% of its initial capacitance even after 20,000 con-
secutive cycles (Fig. 11). The image of the active material after 20,000
cycles is shown in Fig. S12. As can be seen that the overall morphology
of LNO-GO-230 is well maintained which indicates the good stability of
the hierarchical composite. Table 2 compares the performance para-
meters of previously reported photocatalysts and electrodes in com-
parison with LaCO3OH-Ni(OH)2@RGO composite. As can be seen, the
prepared LaCO3OH-Ni(OH)2@RGO hierarchical composite displays the
best photocatalytic H2 evolution activity with competitive super-
capacitor performance.
4. Conclusions
In summary, this work proposed a novel solid phase synthetic
strategy to produce a 3D LaCO3OH-Ni(OH)2@RGO hierarchical com-
posite. Nest-like LaCO3OH and flower-like homogeneous Ni(OH)2@
RGO were obtained through a facile one step lattice-confined disin-
tegration of LNO with GO mediated self-assembling process. GO shows
dual function of morphology regulation and self-sacrifice as carbon
source of LaCO3OH. The prepared 3D hierarchical composite showed
greatly enhanced supercapacitor performance and photocatalytic H2
evolution activity, which was mainly attributed to its unique morpho-
logical characteristics, high light-harvesting capacity, and superior
charge-carrier separation and transmission ability. It is believed that
this work provides a new insight for the preparation of carbonaceous
semiconductor materials and its function design.
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